Abstract. MicroRNAs (miRNAs) are small non-coding RNAs that serve pivotal roles in human diseases. Several miRNAs, such as miR-485-3p, have been identified as potential biomarkers for predicting overall survival of patients with glioblastoma (GBM). However, the underlying mechanism of miRNAs in promoting GBM progression remains unknown. In the present study, decreased miR-485-3p expression was detected in tumor tissues from patients with GBM. Using western blot analysis, reverse transcription-quantitative PCR and dual luciferase reporter assay, ring finger protein 135 (RNF135) was confirmed as a target gene of miR-485-3p in GBM cells. Through silencing of RNF135, miR-485-3p inactivated the mitogen-activated protein kinase/ERK1/2 pathway in GBM cells. Moreover, functional assays demonstrated that miR-485-3p inhibited GBM cell proliferation and migration whilst overexpression of RNF135 reversed this effect. Additionally, a negative correlation between miR-485-3p and RNF135 mRNA expression was observed in tissues from patients with glioblastoma. In conclusion, the present results demonstrated that miR-485-3p functioned as a tumor suppressor which suggested that miR-485-3p might have a role in GBM progression.
Introduction
Glioblastoma (GBM) is the most commonly diagnosed type of malignant primary brain tumor (1) . GBM is a high-grade tumor (World Health Organization grade IV), and prognosis of patients with GBM is relatively poor compared with other types of brain cancer (2) . The median overall survival time is <1 year following diagnosis and the median progression-free survival is ~6 months (3, 4) . Conventional therapeutic approaches for patients with GBM include chemotherapy, radiotherapy and surgical resection (5) . Unfortunately, current treatments are unsatisfactory due to resistance development and cancer recurrence (6) . Decades of study on the molecular mechanism of GBM have greatly enhanced our knowledge of GBM pathogenesis and provided new insights for development of targeted therapy (7) . For example, it has been demonstrated that GBM cells with strong migration potential exhibit pro-apoptotic stimuli resistance (8) with several publications confirming that inhibitors that target migration-related molecules are effective methods to overcome resistance (9, 10) . Therefore, further investigation into the molecular mechanism of GBM is still urgently required to meet clinical needs.
MicroRNAs (miRNAs) are a class of small non-coding RNAs first discovered in Caenorhabditis elegans (11) . In many eukaryotic cells, miRNAs function as negative regulators of gene expression via directly binding to sites on the 3'untranslated region (UTR) of mRNAs (12) . Dysregulation of miRNAs is implicated in the initiation and development of various types of cancer including GBM (13) . Several miRNAs have been identified as oncogenes or tumor suppressors in GBM (14, 15) . In addition, expression of certain miRNAs is a promising predictor of patient GBM outcome and therapy response (16, 17) . miR-485-3p is mapped to the 14q32.31 chromosome region where mutations are frequently observed in cancers, which suggests that miR-485-3p might demonstrate tumor suppressor potential (18) . A recent study determined that levels of miR-485-3p in serum could predict prognosis of patients with GBM (19) . The focus of the present study was identifying the role and molecular mechanism of miR-485-3p in GBM cells.
Ring finger protein 135 (RNF135) is a RING finger domain-containing E3 ubiquitin ligase which has a critical role in many cellular biological processes via regulating protein degradation (20) . For example, during viral infection, RNF135 ubiquitinates retinoic acid-inducible gene I to promote interferon-β induction (21) . Aberrant RNF135 expression results in altered expression of genes leading to several diseases (22, 23) . In GBM, RNF135 functions as an oncogene through activating the mitogen-activated protein kinase (MAPK)/ERK pathway and controlling expression of key cell cycle regulators, such as cyclin dependent kinase 4, cyclin dependent kinase inhibitor 1A, cyclin dependent kinase inhibitor 1B (24) . However, how RNF135 is regulated in GBM cells remains unknown; therefore, the present study aimed to determine the underlying mechanism.
Materials and methods

Collection of patient tissue.
A total of 20 GBM and 20 normal tissues were collected at the Cancer Hospital of China Medical University between October 2014 to January 2017. The patients with GBM (15 males; 5 females; age, 25-48 years old) had undergone surgery, and patients with severe traumatic brain injury (13 males; 7 females; age, 23-56 years old) underwent internal decompression surgery. None of the patients sampled had undergone chemotherapy or radiotherapy prior to having surgery. Fresh tissue samples were histopathologically examined then immediately stored at -80˚C prior to RNA extraction. All patients provided written consent and the study was conducted under the supervision of the Ethics Committee of Cancer Hospital of China Medical University.
Bioinformatic analysis. Data for miR-485-3p expression levels in 5 normal tissues and 82 GBM tissues were downloaded from GSE25631 in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/). The comparison of miR-485-3p expression between normal and GBM tissues was conducted using GraphPad Prism v7.05 (GraphPad Software, Inc.).
U251-MG cell culture.
The GBM cell line U251-MG was purchased from the American Type Culture Collection. The cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences) and 1% penicillin-streptomycin solution in a 37˚C humidified incubator with 5% CO 2 .
Reverse transcription-quantitative PCR (RT-qPCR).
miRNeasy Mini kit (Qiagen, Inc.) was used to extract total RNA from patient tissues and U251-MG cells, following the manufacturer's instructions. The concentration and quality of extracted RNA was measured using NanoDrop 2000 (Thermo Fisher Scientific, Inc.). TransScript First-Strand cDNA Synthesis SuperMix (Transgen Biotech Co. Ltd.) was used to reverse transcribe RNA into cDNA, according to the manufacturer's protocol. qPCR was performed using SYBR Premix Ex Taq (Takara Bio, Inc.) on a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.). The thermocycling conditions were: Predenaturing step at 95˚C for 30 sec, followed by denaturing step at 95˚C for 5 sec then annealing and elongation at 60˚C for 30 sec, repeated for 35 cycles. Gene expression was quantified using the 2 -ΔΔCq method (25) . The stem-loop method was used to detect miRNA expression. U6 and GAPDH were used as internal controls for miRNA and mRNA, respectively. Sequences of primers are listed in Table I .
Overexpression of miR-485-3p. miR-485-3p mimic and miR-negative control (NC) mimic were synthesized and purchased from Guangzhou RiboBio Co., Ltd. For the overexpression of miR-485-3p, 10 µl miR-485-3p mimic (50 pmol/µl) was incubated with Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) in serum-free medium for 15 min and then added to each well in 96-well plates or 6-well plates. Experimentation commenced 48 h following transfection. The miR-485-3p mimic sequence was 5'-GUC AUA CAC GGC UCU CCU CUC U-3' and the miR-NC mimic sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'.
Western blot analysis. Cell lysates were prepared using radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology). The concentration of protein lysate was determined with Pierce Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc.). A total of 20 µg protein were loaded per lane and separated via SDS-PAGE on an 8% gel. The separated proteins were then transferred to polyvinylidene difluoride membranes and subsequently blocked with 5% non-fat milk at room temperature for 1 h. Then membranes were incubated with primary antibodies anti-RNF135 (cat. no. ab28636; 1:1,000; Abcam), anti-GAPDH (cat. no. G8795; 1:8,000; Sigma-Aldrich; Merck KGaA), ERK1/2 (cat. no. 4695; 1:1,000; Cell Signaling Technology, Inc.) and phosphorylated (p-) ERK1/2 (cat. no. 9101; 1:1,000; Cell Signaling Technology, Inc.) at 4˚C overnight. Following primary incubation, membranes were incubated with horseradish peroxidase-labeled secondary mouse antibody (cat. no. AP308P; 1:10,000; Sigma-Aldrich; Merck KGaA) and rabbit antibody (cat. no. SAB3700852; 1:10,000; Sigma-Aldrich; Merck KGaA) at room temperature for 1 h. Subsequently, the bands were visualized using enhanced chemiluminescence western blotting detection reagents (GE Healthcare Life Sciences). Images were captured and analyzed using ImageQuant TL 7.0 (GE Healthcare Life Sciences). GAPDH served as a loading control for protein quantification.
Dual luciferase reporter assay. To investigate whether miR-485-3p directly regulated RNF135, bioinformatic analysis (TargetScan V7.2; www.targetscan.org) was performed to compare the miR-485-3p sequence with the 3'UTR of RNF135 mRNA. Dual luciferase assay was performed using the Dual-Luciferase ® Reporter Assay System (Promega Inc.). In brief, U251-MG cells were cultured in 24-well plates and co-transfected with miR-485-3p mimic or miR-NC mimic with pGL3-RNF135 3'UTR-wild type (WT) or pGL3-RNF135 3'UTR-Mut 1 or pGL3-RNF135 3'UTR-Mut 2 and pRL-TK vector (Promega Cooperation) using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). Following 48 h, cells were collected and the dual-luciferase activity was examined using Dual Luciferase Reporter Assay system (Promega Cooperation) following the manufacturer's protocol with Renilla luciferase as the internal control.
Construction of plasmid and overexpression of RNF135.
The full length RNF135 cDNA from U251-MG cells was cloned into pcDNA3.1 plasmid (Addgene, Inc.) to construct the pcDNA3.1-RNF135 plasmid. For overexpression of RNF135 with or without overexpression of miR-485-3p, 2 µg pcDNA3.1-RNF135 and/or 10 µl miR-485-3p mimics (50 pmol/µl) were transfected into U251-MG cells using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to manufacturer's protocol.
Cell proliferation assay. Cell proliferation was measured using Cell Counting kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) according to manufacturer's protocol. In brief, 2,000 U251-MG cells were seeded into 96-well plates then incubated under standard conditions. The next day, cells were transfected with pcDNA3.1-RNF135 with or without miR-485-3p mimic. At 0, 24, 48 and 72 h post transfection, 10 µl CCK-8 solution was added to each well and the cells were incubated for another 2 h at 37˚C. The absorbance at 450 nm was detected using a microplate reader (Bio-Rad Laboratories, Inc.) to determine the number of cells.
Cell migration assay. Cell migration ability was detected using a wound-healing assay. U251-MG cells (1x10 6 ) were seeded into 6-well plates and cultured under standard conditions until 90% confluence. The cells were then transfected with miR-485-3p mimic with or without pcDNA3.1-RNF135. The following day, a wound area was made by scratching the center of each well with a 10 µl pipette tip. The wells were washed with PBS then culture medium containing 1% FBS was added. At 0 and 20 h, images of the scratch area were captured. Subsequently, the percentage of the relative wound closure area was analyzed using Image Pro Plus 6 (Media Cybernetics, Inc.).
Statistical analysis.
All statistical analyses were carried out using GraphPad Prism 7 software (GraphPad Software, Inc.). Data were presented as the mean ± standard deviation. Student's t-test was used to compare 2 groups and multiple groups were compared using one-way analysis of variance followed by the Newman-Keuls post hoc test. P<0.05 was considered to indicate statistical significance.
Results
miR-485-3p is downregulated in GBM compared with normal brain tissues.
Decreased expression of miR-485-3p has been identified in several cancer types (26, 27) including GBM (19) . To evaluate the expression of miR-485-3p in GBM tissues, miR-485-3p expression data was downloaded from GSE25631 which contained miRNA microarray data for 5 normal brain tissues and 82 GBM tissues. Compared with the normal brain group, miR-485-3p levels were significantly decreased in GBM tissues (Fig. 1A) . To further validate this finding, RT-qPCR was performed to compare miR-485-3p expression in 20 GBM tissues and 20 normal brain tissues collected at our institution. Significant downregulation of miR-485-3p was detected in GBM tissues compared with normal brain tissues (Fig. 1B) , which suggested that miR-485-3p may have a tumor suppressor role in GBM.
Overexpression of miR-485-3p decreases RNF135 expression and inactivates the MAPK/ERK pathway in GBM cells. RNF135 is a recently identified GBM oncogene (24).
Transfection of miR-485-3p mimic increased miR-485-3p expression in U251-MG cells ( Fig. 2A) , accompanied with a decreased expression of RNF135 mRNA (Fig. 2B) . Western blot analysis demonstrated that overexpression of miR-485-3p also decreased RNF135 protein expression (Fig. 2C) . Overactivation of MAPK/ERK signaling promotes GBM progression, which is regulated by RNF135 (21) . In addition to downregulation of RNF135, overexpression of miR-485-3p also decreased p-ERK1/2 levels, indicating an inactivation of MAPK/ERK signaling (Fig. 2C) . These results suggested that miR-485-3p negatively regulated RNF135 to inhibit GBM cells.
RNF135 is a target gene of miR-485-3p.
There were two putative binding sites between miR-485-3p and 3'UTR of RNF135 (Fig. 3A) . Dual luciferase reporter assays demonstrated that overexpression of miR-485-3p significantly decreased luciferase activity of RNF135 3'UTR-WT in U251-MG cells (Fig. 3B and C) . Additionally, miR-485-3p mimic induced decreased luciferase activity of RNF135 3'UTR-Mut2 but not RNF135 3'UTR-Mut1, which suggested that site 1 was a direct binding site for miR-485-3p on the 3'UTR of RNF135 in GBM cells (Fig. 3B and C) .
Overexpression of miR-485-3p inhibits GBM cell proliferation and migration via targeting RNF135.
Recombinant RNF135 was constructed and co-transfected with miR-485-3p mimic to study the functions of miR-485-3p/RNF135 in GBM cells.
Transfection with miR-485-3p mimic decreased RNF135 protein expression whereas co-transfection of recombinant RNF135 and miR-485-3p mimic rescued RNF135 expression in U251-MG cells (Fig. 4A ). In the cell proliferation assay, overexpression of miR-485-3p decreased the cell viability compared with control, whilst overexpression of RNF135 partially recovered the cell viability (Fig. 4B) . These results suggested that miR-485-3p inhibited GBM cell proliferation via repression of RNF135. In the cell migration assay, overexpression of miR-485-3p inhibited cell migration. Transfection with recombinant RNF135 attenuated this inhibitory effect (Fig. 5A and B) . These results demonstrated that miR-485-3p inhibited GBM cell proliferation and migration via repression of RNF135.
Expression of miR-485-3p is negatively correlated with RNF135 in GBM tissues. Next, the potential association between miR-485-3p and RNF135 in GBM tissues was investigated. RT-qPCR was performed on the 20 GBM and 20 normal tissues collected in the present study, to detect RNF135 mRNA levels. Significant upregulation of RNF135 mRNA levels were observed in GBM tissues compared with normal tissues (Fig. 6A) . Crucially, Pearson correlation analysis demonstrated that miR-485-3p expression was negatively correlated with RNF135 mRNA levels in GBM tissues (r=-0.58; P<0.01; Fig. 6B ).
Discussion
GBM is a lethal cancer type (28) and aberrant expression of miRNAs is experimentally identified as a major step towards development of the disease (29) . miR-485-3p, mapped to chromosome 14q32.31 region, is a well-characterized tumor suppressor in several cancer types (30) . Recently, miRNA microarray data of 14 GBM tissues identified miR-485-3p as one of the significantly downregulated miRNAs in tissues from short-survival patients compared with long-survival patients (31) . Low expression of serum miR-485-3p predicts poor overall survival in patients with GBM (19) . The present study determined that miR-485-3p was downregulated in GBM. RT-qPCR and western blot analysis demonstrated that RNF-135 was negatively regulated by miR-485-3p. Dual luciferase assay confirmed RNF135 as a target gene of miR-485-3p. Functional assays indicated that miR-485-3p inhibited cell proliferation and migration of GBM cells via repression of RNF135. The present findings suggested that miR-485-3p was a tumor suppressor in GBM.
In order to investigate the role of miR-485-3p in GBM, analysis of miRNA expression in normal brain tissues and GBM tissues from a previously published microarray dataset was performed. Results determined that miR-485-3p expression was significantly lower in GBM tissues compared with normal tissues. To validate this result, the present study collected and analyzed 20 pairs of normal brain and GBM tissues. Therefore, in addition to the reported decreased miR-485-3p expression in serum and tissues of short-survival patients (19, 31) , the present study identified miR-485-3p as a downregulated miRNA in GBM tissues compared with normal brain tissues. In addition, functional analysis of miR-485-3p demonstrated that miR-485-3p overexpression inhibited cell proliferation and migration of GBM cells. GBM is highly aggressive with cells displaying strong proliferative capacity (28) therefore the current findings suggested that miR-485-3p may be involved in the development of GBM.
E3 ubiquitin ligases regulate turnover of many target genes via protease degradation (32) . In GBM, dysregulation of E3 ligases results in accumulation of oncogenes or downregulation of tumor suppressors, leading to GBM progression (33, 34) . RNF135 is a member of E3 ubiquitin ligases and regulates protein stability (24) . High expression of RNF135 is associated with poor prognosis for GBM patients (24) . RNF135 activates the MAPK/ERK signaling pathway and facilitates progression of the GBM cell cycle to promote proliferation (24) . The present study identified that overexpression of miR-485-3p decreased RNF135 expression in GBM cells. Bioinformatic analysis and the dual luciferase reporter assay predicted and confirmed RNF135 as a target gene of miR-485-3p. In GBM tissues, a significant negative correlation between RNF135 mRNA and miR-485-3p expression was identified. RNF135 function has been previously reported to be regulated by mutation (20, 35) . The present findings demonstrated that RNF135 was also regulated by miRNA. Crucially, cell proliferation and migration inhibition induced by miR-485-3p mimic was reversed by overexpression of RNF135, which indicated that miR-485-3p exerted its tumor suppressive function through RNF135.
In conclusion, the present study provided evidence to suggest that miR-485-3p may have a role as a tumor suppressor in GBM via regulation of RNF135.
